(1,25D) increases urine (U) Ca to a greater extent in GHS than in controls [Sprague-Dawley (SD)]. The additional UCa may result from an increase in intestinal Ca absorption and/or bone resorption. To determine the source, we asked whether 1,25D would increase UCa in GHS fed a low-Ca (0.02%) diet (LCD). With 1,25D, UCa in SD increased from 1.2 Ϯ 0.1 to 9.3 Ϯ 0.9 mg/day and increased more in GHS from 4.7 Ϯ 0.3 to 21.5 Ϯ 0.9 mg/day (P Ͻ 0.001). In GHS rats on LCD with or without 1,25D, UCa far exceeded daily Ca intake (2.6 mg/day). While the greater excess in UCa in GHS rats must be derived from bone mineral, there may also be a 1,25D-mediated decrease in renal tubular Ca reabsorption. RNA expression of the components of renal Ca transport indicated that 1,25D administration results in a suppression of klotho, an activator of the renal Ca reabsorption channel TRPV5, in both SD and GHS rats. This fall in klotho would decrease tubular reabsorption of the 1,25D-induced bone Ca release. Thus, the greater increase in UCa with 1,25D in GHS fed LCD strongly suggests that the additional UCa results from an increase in bone resorption, likely due to the increased number of VDR in the GHS rat bone cells, with a possible component of decreased renal tubular calcium reabsorption. vitamin D; calcium; kidney stones; intestinal absorption THE MOST COMMON METABOLIC abnormality in patients who form calcium-based kidney stones is hypercalciuria (14, 50). The increased urine (U) calcium (Ca) excretion enhances nucleation and growth of calcium hydrogen phosphate (CaHPO 4 ; brushite) and/or calcium oxalate (CaOx) crystals into stones (14). Idiopathic hypercalciuria (IH) typically manifests as hypercalciuria with normal serum (S) Ca, normal or elevated S1,25(OH) 2 D 3 (1,25D), normal or elevated S parathyroid hormone (PTH), normal or low S phosphate (P), and low bone mass (14, 48, 55) and is polygenic (48, 49, 55) .
THE MOST COMMON METABOLIC abnormality in patients who form calcium-based kidney stones is hypercalciuria (14, 50) . The increased urine (U) calcium (Ca) excretion enhances nucleation and growth of calcium hydrogen phosphate (CaHPO 4 ; brushite) and/or calcium oxalate (CaOx) crystals into stones (14) . Idiopathic hypercalciuria (IH) typically manifests as hypercalciuria with normal serum (S) Ca, normal or elevated S1,25(OH) 2 D 3 (1,25D), normal or elevated S parathyroid hormone (PTH), normal or low S phosphate (P), and low bone mass (14, 48, 55) and is polygenic (48, 49, 55) .
To study the pathophysiology of hypercalciuria and stone formation, we established a strain of hypercalciuric rats by selectively inbreeding Sprague-Dawley (SD) rats for increased UCa excretion (3-5, 11-13, 15-19, 21-24, 27, 32, 35, 36, 40, 41, 43, 45, 52, 57, 61, 62) . After more than 80 generations, each rat consistently excretes ϳ8-to 10-fold more UCa than SD controls (3-5, 11-13, 15-19, 21-24, 27, 32, 35, 36, 40, 41, 43, 45, 52, 57, 61, 62) and forms kidney stones (3, 17, 18, 22) ; these animals are termed genetic hypercalciuric stone-forming (GHS) rats (3-5, 11-13, 15-19, 21, 23, 24, 27, 32, 35, 36, 40, 41, 43, 45, 52, 57, 61, 62) .
GHS rats exhibit many features of human IH including normal SCa (15) , increased intestinal Ca absorption (45) and bone resorption (43) , decreased renal tubule Ca reabsorption (57) , and normal S1,25D levels in addition to decreased bone mineral density (24, 32) and have a polygenic mode of inheritance (35) . GHS rats have elevated levels of vitamin D receptor (VDR) protein in Ca-transporting organs including the kidney, intestine, and bone (30, 43, 45, 57) .
In humans, the changes in intestine, kidney, and bone Ca transport in IH may be reproduced by the administration of 1,25D to normals leading to hypercalciuria (1, 47) . This increase in UCa indicates that the effect of 1,25D to increase intestinal Ca absorption (34) and bone Ca resorption (1, 47) overwhelms any 1,25D-mediated increase in renal tubular Ca reabsorption (8) . While elevated S1,25D levels may account for the phenotype in some (6, 10, 38, 53) , most IH patients have normal S1,25D levels (63) . In one study, high-VDR levels have been found in male IH stone formers (28), suggesting elevated VDR levels may play a role in hypercalciuria in human stone formers.
We previously showed that administration of 1,25D to GHS and SD rats fed a normal-Ca diet (NCD) leads to a greater increment in hypercalciuria in GHS rats (29) . This result is consistent with a model in which the greater number of VDR in GHS is relatively undersaturated with 1,25D under basal conditions, but with addition of more 1,25D, the mass action of the increased VDR leads to enhanced UCa. Alteration in renal reabsorption can control circulating Ca levels but cannot, by itself, lead to sustained hypercalciuria. An increase in UCa must originate either from an increase in intestinal absorption or from an increase in bone resorption, the only significant sources of Ca. To determine which, in this study a low-Ca diet (LCD) was utilized to remove the contribution of increased intestinal Ca absorption from 1,25D-mediated hypercalciuria. We hypothesized that due to the increased 1,25D receptors in GHS rat bones, administration of 1,25D to rats fed LCD would increase hypercalciuria to a greater extent in GHS than SD.
METHODS

Animals.
The GHS rats were derived from SD rats (Charles River Laboratories, Kingston, NY) by successively inbreeding the most hypercalciuric progeny of each generation (12, 15, 17, 27, 32, 41, 43, 45, 57). Eight-week-old male GHS rats from the 88th generation and 8-wk-old male SD rats (Charles River Laboratories) were used in this study.
Experimental conditions. At the start of the study [day 0 (d 0)], 16 SD and 16 GHS rats were placed in metabolic cages, fed 13 g/day LCD (0.02% Ca, Harlan-Teklad, Indianapolis, IN), and given deionized, distilled water ad libitum. Also starting on d 0, by random allocation, eight rats in each group were injected daily with 1,25D (25 ng/100 g body wt, American Regent, Shirley, NY) in saline and eight rats in each group with only saline. This dose of 1,25D elicits a maximal physiologic response (61) 14, 15 , and 16, rats were anesthetized and blood was collected by cardiac puncture. Rats were killed and kidneys were quickly removed. Any animal that ate Ͻ10 g/day food or drank Ͻ15 ml/day water would have been excluded from further analysis; however, all rats met these prespecified criteria during the entire study. All procedures were approved by the University of Rochester Committee for Animal Resources.
Urine and serum chemistries. Urine Ca, Mg, P, ammonia, and creatinine were measured spectrophotometrically using a Beckman CX5 Pro autoanalyzer (Beckman Instruments, Brea, CA). Change in UCa (⌬UCa) was estimated by pairing each SDϩ1,25D rat with a randomly assigned SDϩsaline rat, and each GHSϩ1,25D with a GHSϩsaline rat, and calculating the differences. Urine K, Cl, and Na were measured by ion-specific electrodes on the Beckman CX5. Urine pH was measured using a glass electrode and citrate, oxalate, and sulfate were measured by ion chromatography using a Dionex ICS 2000 system (Dionex, Sunnyvale, CA). Serum Ca and P were determined colorimetrically (BioVision, Milpitas, CA). Serum PTH was determined by EIA for intact-PTH (ALPCO, Salem, NH). We have used these methods previously (3, 4, 24, 29) .
Urine supersaturation. The CaOx and CaHPO 4 (CaP) ion activity product were calculated using the computer program EQUIL 2 (60) as we have done previously (11-13, 16, 19, 21-23) . Ratios of 1 denote a sample at equilibrium, Ͼ1 denotes supersaturation, and Ͻ1 denotes undersaturation. We found excellent correspondence between calculated and experimentally measured saturation in U and blood and in bone culture medium (3, 4, 24) .
RNA harvest and purification. Kidneys were bisected and placed in 2 ml RNAlater (Ambion, Grand Island, NY) at 4°C overnight and then transferred to Ϫ70°C until purification. Each kidney was homogenized in 6 ml TRIzol (Invitrogen, Grand Island, NY) using a glass homogenizer, and RNA purification was conducted according to the manufacturer's instructions. Aqueous and phenol phases were separated by centrifugation after addition of 1-bromo-3-chloropropane.
RNA was precipitated from the aqueous layer with isopropyl alcohol and washed with 75% ethanol. DNA contaminants were removed by on-column digestion with DNase 1 followed by purification using Qiagen RNeasy mini columns (Qiagen, Valencia, CA).
Quantitative real-time PCR. Kidney RNA was transcribed to cDNA using an iScript kit (BioRad, Hercules, CA). Gene-specific targets were amplified and analyzed by real-time PCR with a MyIQ cycler (BioRad) and Sybr Green (IQ Supermix, BioRad). To normalize gene expression, the geometric mean of expression of RNA for ␤-actin, ribosomal protein L13a, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide and succinate dehydrogenase complex, subunit a, flavoprotein was calculated for each sample (58) . Primer sets used were described previously (29) . All expression values were calculated relative to the mean expression in SDϩsaline.
Statistics. Values were compared by ANOVA using the Bonferroni correction for multiple comparisons, with a conventional computer program (Statistica, StatSoft, Tulsa, OK). Values are expressed as means Ϯ SE, with P Յ 0.05 considered significant.
RESULTS
Serum and urine chemistry. When fed LCD, there was no difference in SCa between the GHS and control SD rats without exogenous 1,25D, as previously observed (41) (Table 1 ). 1,25D induced an increase in SCa in GHS (compared with SD) but not SD rats. There were no differences in SP in any group. Serum PTH was numerically higher, but not significantly different, in the GHS compared with SD. 1,25D led to suppression of PTH in both groups.
Without exogenous 1,25D, UCa in GHS was higher (4.7 Ϯ 0.3 mg/day) than that of SD (1.2 Ϯ 0.1 mg/day; Fig. 1 ), as we reported previously (19, 22, 32, 41, 57) . 1,25D increased UCa to 9.3 Ϯ 0.9 mg/day in SD and to 21.5 Ϯ 0.9 mg/day in GHS. While 1,25D increased UCa in both groups, there was a significantly greater increase in GHS (⌬UCa ϭ 16.8 Ϯ 0.8 mg/day) than in SD (⌬UCa ϭ 8.1 Ϯ 1.0 mg/day, P Ͻ 0.001) consistent with a greater biological response to 1,25D in GHS than in SD. With SDϩ1,25D and with GHS with or without 1,25D, UCa was far greater than total dietary Ca intake (2.6 mg/day), indicating that the rats were in negative total body Ca balance. The source of the additional UCa must be bone mineral, the only appreciable reservoir of Ca in the body.
Urine volume (V) was numerically greater in GHS than in SD but the difference did not reach significance (Table 1) . Results are means Ϯ SE. Values for selected serum (S) and urine (U) components in Sprague-Dawley (SD) and genetic hypercalciuric stone-forming (GHS) rats fed low-Ca diet (LCD), without or with exogenous 1,25(OH)2D3 (1,25D). *P Ͻ 0.05 compared with SD. †P Ͻ 0.05 compared with GHS. ‡P Ͻ 0.05 compared with SD ϩ1,25D. PTH, parathyroid hormone.
1,25D increased UV significantly in GHS. UP did not change with 1,25D in either SD or GHS (Table 1) .
Urine supersaturation. When fed LCD without exogenous 1,25D, CaOx supersaturation (SS) was numerically, but not significantly, greater in the GHS than in SD (Fig. 2) . 1,25D led to an increase in CaOx SS in both SD and GHS which were not different from each other. Without exogenous 1,25D, CaP SS was also numerically greater, but not significantly different, in GHS compared with SD. 1,25D did not increase CaP SS in either SD or GHS (Fig. 2) .
Expression of markers of transcellular Ca transport. To determine whether renal tubular Ca reabsorptive pathways were regulated differently in GHS compared with SD rats fed LCD, renal expression of genes related to Ca transport was examined. Without additional 1,25D, there was no difference in the RNA expression of transient receptor potential vanilloid (TRPV) 5 or TRPV6 between GHS and SD rats (Fig. 3) . Basal expression of calbindin D 28k was elevated in GHS rats but there was no difference in basal expression of klotho.
1,25D increased expression of TRPV5, TRPV6, and calbindin D 28K in SD rats (Fig. 3) . In GHS rats, 1,25D increased expression only of TRPV6. Klotho expression was decreased by 1,25D in both SD and GHS. Expression of the basolateral Na/Ca exchanger, NCX1, and the plasma membrane Ca-ATPase, PMCA, was not different between GHS and SD ( Table 2) .
Expression of markers of paracellular Ca transport. Renal Ca reabsorption occurs in the thick ascending limb of Henle (TALH), via paracellular transport through tight junctions that contain claudin 16 and claudin 19 (37) , and their cation permeability is regulated by claudin 14 (31) . Basal expression of claudins 16 and 14 was elevated in GHS, while expression of claudin 19 was not different between GHS and SD (Table 2) .
1,25D increased expression of claudin 19 in SD but not GHS (Table 2 ). In GHS, 1,25D decreased expression of claudin 14 to a level not different from SD. With 1,25D, claudin 16 in GHS remained elevated relative to SD. Expression of the calcium-sensing receptor (CaR) was increased in GHSϩ1,25D compared only with SD alone. Expression of the outward modulating K channel (ROMK) and the Na-K-2Cl transporter (NKCC2) did not differ between SD and GHS with or without 1,25D (Table 2) . (45) , increased bone resorption (43) , and decreased renal tubule Ca reabsorption (57) and have elevated levels of VDR protein in these Ca-transporting organs (43, 45, 57) . We previously showed that administration of 1,25D to GHS and SD fed NCD (1.2% Ca) led to a larger increment in hypercalciuria in GHS (29) , suggesting that the increased VDR induced a greater biological response. The sustained increase in UCa must originate from increased intestinal absorption and/or bone resorption. In this study, LCD (0.02% Ca) was utilized to remove the contribution of any increase in intestinal Ca absorption to the additional 1,25D-mediated hypercalciuria in GHS. We found that 1,25D administered to rats fed LCD led to a far greater increase in UCa in GHS than in SD, indicating that the increased VDR in GHS rat bone was biologically active and that bone was the source of the additional UCa.
DISCUSSION
GHS rats exhibit many features of human IH including increased intestinal Ca absorption
While being fed LCD, GHS excreted more UCa than SD rats, as we reported previously (19, 22, 32, 41, 57) . 1,25D led to a further increase in UCa in both groups; however, GHS rats had a significantly greater increase than SD. The 1,25D-mediated increase in UCa could be the result of a primary increase in bone resorption and/or a reduction in renal tubular Ca reabsorption which then leads to enhanced bone resorption mediated through a fall in SCa and a rise in PTH. However, Fig. 2 . Supersaturation of calcium oxalate (CaOx) and Ca phosphate (CaP) in U from SD and GHS rats fed LCD, without or with exogenous 1,25D. Supersaturation for CaOx (top) and CaP (bottom) was calculated from U measurements using EQUIL2 as indicated in METHODS. Results are expressed as a unitless ratio (means Ϯ SE). *P Ͻ 0.05 compared with SD. ϩP Ͻ 0.05 compared with GHS. with 1,25D we did not observe a fall in SCa nor a rise in PTH but, in GHS, an increase in SCa and a decrease in PTH, indicating that the increase in UCa was due primarily to increased 1,25D-mediated bone resorption. This is consistent with our previous observation that alendronate decreases hypercalciuria in GHS by inhibiting bone resorption (22) .
The LCD contains 0.02% calcium and would provide 2.6 mg Ca/day if all of this Ca were absorbed. With LCD, GHS rats excreted more Ca (4.7 Ϯ 0.03 mg/day) than they consumed, indicating that they were in negative total body Ca balance. 1,25D led to a further increase in UCa (21.5 Ϯ 0.09) in GHS rats, indicating an even more negative Ca balance. In vitro, neonatal GHS rat calvariae have increased bone resorption in response to graded amounts of 1,25D compared with SD (43) . In vivo, we previously found that GHS rats are in negative total body Ca balance (41) and have decreased bone mineral density (24, 32) , supporting our hypothesis that GHS rats exhibit enhanced bone resorption.
Since GHS rats have normal levels of S1,25D, the elevated tissue levels of VDR in the Ca-transporting organs (43, 45, 57) would be relatively undersaturated with 1,25D compared with SD (29) . LCD alone increases 1,25D (54) and 1,25D is known to increase expression of VDR (26, 33) . In this study, the greater increase in UCa in GHS compared with SD with LCDϩ1,25D indicates that the GHS rat VDR could not have been saturated with endogenous 1,25D even while fed LCD. The increased VDR in GHS are clearly biologically active and any increase in VDR induced by 1,25D must be greater in GHS than SD.
With LCD, SCa increased only in GHSϩ1,25D compared with SD, indicating that increased bone resorption must have exceeded the ability of the GHS rat kidney to excrete this additional Ca. We previously found with NCD (29) that SCa increased in both SDϩ1,25D and GHSϩ1,25D, perhaps due to the 1,25D stimulation of intestinal Ca absorption which was limited here with LCD. There was no difference in SPTH between GHS and SD rats with LCD, in contrast to the finding with rats fed NCD where SPTH is lower in GHS rats than in SD (19) . The lower PTH in GHS fed NCD (19) suggested that increased intestinal Ca absorption and/or increased bone resorption, rather than a failure to adequately reabsorb filtered Ca, are the more prominent metabolic abnormalities in GHS rats. However, once dietary Ca is limited, as in this study, sufficient Ca cannot be absorbed nor resorbed to overcome the Ca lost due to the defect in renal tubular Ca reabsorption in GHS rats, which would normally have led to the reduction in PTH.
Although there was no significant difference in UOx between GHS and SD, numerically UOx was higher in GHS; patients with IH may exhibit mild hyperoxaluria (7). While there was no difference in CaOx SS between GHS and SD without exogenous 1,25D, administration of 1,25D led to a marked increase in CaOx SS in both groups. The paucity of dietary Ca and increased absorption of any available Ca with 1,25D would lead to greater free Ox in the intestine, greater absorption and increased UOx (44) . Despite a marked increase in UCa in GHS rats, especially those given 1,25D, we did not observe a commensurate increase in UP as might be expected with increased bone resorption. This result may be due to greater loss of Ca carbonate, rather than apatite, from the bone. Indeed, we previously showed that H ϩ preferentially causes resorption of bone CaCO 3 rather than apatite (20) . There was no significant difference in CaP SS in any group, due to the lack of increase in UP and perhaps to the parallel increase in Table 2 . Relative RNA expression of components of renal calcium transport
Claudin 14 UV and the fall in urine pH. Hypercalcemia and hypercalciuria in rats and humans are associated with polyuria (39, 42, 59) .
Urine citrate (Cit) excretion is higher in GHS than SD and increases to a greater extent in GHSϩ1,25D than in SDϩ1,25D. The progressive increase in UCit parallels that of the increase in UCa (Fig. 1) . This increase in UCit may represent the release of anionic proton buffers from bone and supports the hypothesis that the increase in UCa is derived from resorption of bone mineral. In GHS rats, administration of 1,25D also led to an increase in H ϩ excretion in the form of increased UNH 4 ϩ and Usulfate, resulting in a fall in UpH. Since we did not measure titratable acidity, we cannot calculate net acid excretion and reconcile the apparent discrepancy between the increase in citrate and the fall in UpH.
While the greater excess in UCa in GHS rats fed LCD must be derived from bone mineral stores, at baseline GHS also have decreased renal tubular Ca reabsorption (57) similar to many humans with IH (14) and nonhypercalciuric humans given 1,25D (1, 47) . As the GHS rats have more VDR than control SD rats, we then determined whether additional 1,25D would further decrease renal tubular reabsorption of this bone-derived Ca by examining RNA expression for components of Ca reabsorption. We administered sufficient 1,25D to significantly suppress PTH, minimizing any effect of this hormone on Ca reabsorption (8) .
In humans, mutations in the paracellular proteins claudin 16 or 19 cause familial hypercalciuria and nephrocalcinosis (9) . A genome-wide association study in kidney stone patients identified sequence variants in the gene CLDN14 (encoding claudin 14) associated with hypercalciuria (56) . The observed increase in claudin 14 in GHS is consistent with their previously described defect in renal tubular Ca reabsorption (57) . We previously reported increased levels of CaR mRNA and protein in GHS kidneys at baseline and after acute stimulation with 1,25D (61) . In this study, CaR was numerically, although not statistically, increased in GHS. 1,25D increased SCa and UCa in GHS rats and led to upregulation of CaR which should reduce Ca reabsorption despite no demonstrable increase in claudin 14. Renal Ca transport in GHS is more sensitive to chlorothiazide and less sensitive to furosemide than in SD, suggesting decreased Ca reabsorption in the TALH (57), consistent with our current observations.
Further Ca reabsorption occurs in the distal nephron through active transepithelial reabsorption via TRPV5. A second apical Ca transporter, TRPV6, is found in the TALH (51) . The FGF23 coreceptor klotho activates either TRPV5 or TRPV6 (25, 46) . There was no difference in the basal expression of TRPV5, its regulator klotho, or TRPV6 between GHS and SD rats, suggesting that hypercalciuria in GHS was not due to differences in active transepithelial Ca transport. 1,25D led to a similar increase in TRPV6 and decrease in klotho between GHS and SD rats. In a prior study of rats fed NCD, we also found that 1,25D decreased klotho in both GHS and SD rats (29) . The phenotype of klotho Ϫ/Ϫ mice includes hypercalciuria (2) . Even a modest decrease in klotho could lead to marked inhibition of TRPV5 resulting in decreased Ca reabsorption, allowing Ca released from bone to be more readily excreted. However, the 1,25D-induced increase in TRPV6 would tend to increase renal tubular Ca reabsorption and decrease hypercalciuria. Protein abundance and transporter activity have not been studied in these rats and the extent of reabsorption may differ from estimates based on RNA abundance.
Previously, we showed that administration of 1,25D to GHS and SD rats fed NCD leads to a greater increment in hypercalciuria in GHS, which must originate from an increase in intestinal Ca absorption and/or an increase in bone resorption (29) . In this study, we utilized LCD to remove the contribution of intestinal Ca absorption. We found that administration of 1,25D to rats fed LCD increased hypercalciuria to a greater extent in GHS than in SD controls. By severely limiting intestinal Ca absorption, and demonstrating negative Ca balance in GHS rats even without additional 1,25D, we now provide clear support for enhanced bone resorption as the source of the additional UCa, which is further enhanced by exogenous 1,25D. The current findings are consistent with the greater number of VDR in GHS rat bone being biologically active under both basal and stimulated conditions.
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